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Abstract
Charged particle production is calculated in a hybrid framework consisting of the IP-Glasma initial state, Music viscous
relativistic fluid dynamics, and the UrQMD microscopic hadronic cascade. Using one set of parameters, we compute
observables for a large variety of collision systems. We compare to experimental data in p+p, p+Pb, Xe+Xe, Au+Au
and Pb+Pb collisions at various energies, and make predictions for potential O+O runs at RHIC and LHC.
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1. Introduction
Bulk particle production and multi-particle correlations in heavy ion collisions are generally well de-
scribed in event-by-event frameworks that evolve an initial spatially dependent energy momentum tensor
according to hydrodynamics and describe the low temperature regime using hadronic cascades [1, 2]. In
this work we explore how well the framework consisting of the IP-Glasma initial state [3, 4], Music fluid
dynamics [5, 6, 7], and UrQMD hadronic cascade [8, 9] can describe experimental data over a wide range of
(transverse) system size, collision energy, and charged hadron multiplicity, using one fixed set of parameters.
We make predictions for v2{2} and v3{2} in O+O collisions at RHIC and LHC energies.
2. Model
The model framework is described in [10, 11, 12]. The IP-Glasma initial state includes fluctuations of
nucleon positions, three sub-nucleon hotspots per nucleon, as well as color charge fluctuations. We switch
to the hydrodynamic simulation at τinit = 0.4 fm/c, and use a constant shear viscosity to entropy density
ratio η/s = 0.12 and a temperature dependent bulk viscosity to entropy density ratio ζ/s shown in Fig. 1
together with the bulk relaxation time τΠ. Below the switching temperature of Tsw = 145 MeV, we evolve
the system within UrQMD. More details on the model can be found in [12].
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Fig. 1. Bulk viscosity over entropy density (a) and bulk relaxation time (b) vs. temperature.
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Fig. 2. Charged hadron and identified particle multiplicities vs. centrality in Au+Au collisions at RHIC (a), and charged hadron
multiplicities in O+O, Xe+Xe, and Pb+Pb collisions at LHC (b). Experimental data from PHENIX [13] and ALICE [14, 15].
3. Results
We present results for bulk observables for a large variety of collision systems and energies. We do
not vary any parameters other than the target and projectile species and collision energy in the IP-Glasma
calculation. This allows for robust predictions of multiplicities, mean transverse momentum, and anisotropic
flow for a variety of systems, including O+O collisions to be performed in the future.
In Fig. 2 we present charged hadron and identified particle multiplicities as functions of centrality at
RHIC and LHC energies, including predictions for O+O collisions at LHC. In Fig. 3 we show the 〈pT 〉 of
identified particles in Au+Au collisions at RHIC and Pb+Pb collisions at the LHC. Agreement with the
experimental data is good, with our proton 〈pT 〉 being slightly larger than the data at RHIC, but smaller for
most centralities at LHC. Results for v2{2} and v2{4} in Au+Au collisions at RHIC and Pb+Pb collisions at
LHC are shown in Fig. 4. Agreement with the data is very good, with expected deviations occurring for v2{2}
in peripheral events, where non-flow effects (not included in the calculation) have a sizable contribution.
In Fig. 5 a) we present the comparison of calculated v2{2} and v3{2} vs. dNch/dη in different collision
systems at LHC to experimental data. Agreement is very good down to small multiplicities and small system
sizes, except for pp collisions, where we see a decreasing trend of v2{2} with multiplicity, compared to a
slight increase in the experimental data. This could indicate that final state effects, that typically lead to an
increasing v2 with multiplicity, are underestimated in the calculation, relative to initial state anisotropies,
which decrease with multiplicity [12]. Another source of discrepancy could be the method of binning and
averaging in multiplicities. Fig. 5 b) shows vn{2} for different collision systems at RHIC. We note that
we predict vn{2}(p/dAu 200 GeV)> vn{2}(AuAu 200 GeV), while vn{2}(pPb 5020 GeV)< vn{2}(PbPb 5020
GeV) at the respective highest multiplicity reached in the smaller system. Predictions for v2{2} and v3{2} as
functions of multiplicity in O+O collisions at 200 GeV and 5.02 TeV are presented in Fig. 5 c).
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Fig. 3. Identified particle mean transverse momentum vs. centrality in Au+Au collisions at RHIC (a) and Pb+Pb collisions at LHC (b).
Experimental data from PHENIX [13], STAR [16], and ALICE [17].
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Fig. 4. Elliptic anisotropies v2{2} and v2{4} for charged hadrons vs. centrality in Au+Au collisions at RHIC (a) and Pb+Pb collisions
at LHC (b). Experimental data from STAR [18] and ALICE [19].
4. Conclusions
We have demonstrated that a comprehensive description of bulk observables and multiparticle correla-
tions in a large variety of collision systems at top RHIC energies and above is possible within the hybrid
model consisting of IP-Glasma, Music, and UrQMD. Having established this, we can use the model to make
predictions for other systems and energies (done here for O+O), more complex observables, and extract
information on the initial state and transport properties of the quark gluon plasma.
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